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Summary 
The structure of E. coli core RNA polymerase (RNAP) 
has been determined to -23 A resolution by three- 
dimensional reconstruction from electron micrographs 
of flattened helical crystals. The structure reveals ex- 
tensive conformational changes when compared with 
the previously determined E. coli RNAP holoenzyme 
structure, but resembles the yeast RNAPII structure. 
While each of these structures contains a thumb-like 
projection surrounding a channel 25A in diameter, the 
E. coli RNAP holoenzyme thumb defines a deep but 
open groove on the molecule, whereas the thumb of 
E. coli core and yeast RNAPII form part of a ring that 
surrounds the channel. This may define promoter- 
binding and elongation conformations of RNAP, as E. 
coli holoenzyme recognizes promoter sites on double- 
stranded DNA, while both E. coli core and yeast RNAPII 
are elongating forms of the polymerase and are incapa- 
ble of promoter recognition. 
Introduction 
DNA-dependent RNA polymerase (RNAP) is the central 
enzyme of gene expression and a major regulatory target. 
The amino acid sequences of the two largest subunits of 
cellular RNAP are conserved from bacteria to man (Allison 
et al., 1985; Biggs et al., 1985; Ahearn et al., 1987; 
Sweetser et al., 1987; lwabe et al., 1991). Sequence ho- 
mologies suggest structural homologies, which are borne 
out by low resolution structures of Escherichia coli RNAP 
holoenzyme (Darst et al., 1989), yeast RNAPII (Darst et 
al., 1991a), and yeast RNAPI (Schultz et al., 1993), all 
determined by electron microscopy (EM) of two-dimen- 
sional (2D) crystals (Kornberg and Darst, 1991). The key 
feature of each of these structures is a thumb-like projec- 
tion surrounding a groove or channel about 25 A in diame- 
ter, an appropriate size for binding double helical DNA. 
E. coli RNAP contains a catalytic core of two a subunits, 
one 8, and one B’subunit, with molecular masses of 36.5, 
151, and 155 kDa, respectively, which is fully active in RNA 
polymerization. Binding of one of a variety of regulatory o 
subunits (normally o”, with molecular mass 70.2 kDa) to 
form the holoenzyme is required for specific initiation from 
promoters. Biochemically distinct steps characterize the 
basic transcription cycle of E. coli RNAP, beginning with 
the binding of CJ to core RNAP to form holoenzyme; fol- 
lowed by specific promoter location to form the closed 
complex; melting of a region containing the transcription 
start site to form the open complex; RNA chain initiation, 
promoter clearance, and o release; RNA chain elongation; 
and, finally, RNA chain termination and enzyme release. 
Based on kinetic and thermodynamic measurements, as 
well as footprinting and other chemical protection studies 
of well-defined transcription complexes isolated in differ- 
ent stages of the transcription cycle, significant conforma- 
tional changes of the RNAP are postulated to occur upon 
formation of the holoenzyme by core and o (Wu et al., 
1976) during formation of the open complex from the 
closed complex at a promoter (Roe et al., 1985), upon 
promoter clearance (Carpousis and Gralla, 1980; Hansen 
and McClure, 1980; Straney and Crothers, 1987) and 
during RNA chain elongation (Krummel and Chamber- 
lin, 1992a, 1992b; Nudler et al., 1994). Conformational 
changes at other stages of the cycle are also not dis- 
counted. Structures of different forms of RNAP, as well 
as of transcription complexes in different stages of the 
transcription cycle, are required to reveal conformational 
changes directly and relate them to functional characteris- 
tics of the enzyme. 
Here we report the three-dimensional (30) structure of 
E. coli core RNAP (which lacks a o subunit), determined 
at a resolution of about 23 A by EM of negatively stained 
crystals tilted at various angles to the incident electron 
beam (Amos et al., 1982). The structure reveals dramatic 
conformational changes compared with the E. coli RNAP 
holoenzyme structure (Darst et al., 1989), but resembles 
the yeast RNAPII structure (Darst et al., 1991a). While 
each of these three structures contains a thumb-like pro- 
jection surrounding a groove or channel about 25 A in 
diameter, the thumb of E. coli RNAP holoenzyme defines 
a deep but open groove on the surface of the molecule, 
while the thumb of E. coli core RNAP and yeast RNAPII 
forms part of a ring that completely surrounds the channel. 
This may define “promoter-binding” and “elongation” con- 
formationsof RNAP, as both E. coli core and yeast RNAPII 
are capable of processive elongation of RNA chains, but 
are incapable of specific promoter recognition without ad- 
ditional factors. 
Results 
Core RNAP Crystallization 
Like E. coli RNAP holoenzyme and yeast RNAPII, E. coli 
core RNAP is very acidic; the pl of core, estimated from 
the total amino acid composition, is 5.3. We therefore at- 
tempted lipid layer crystallization of core RNAP using lipid 
layers with net positive electrostatic charge (Darst et al., 
1988, 1991 b; Edwards et al., 1990; Schultz et al., 1990). 
Core RNAP was incubated at 4OC in drops coated with 
positively charged lipids, transferred to EM grids, and pre- 
served by negative staining. Observation by EM revealed 
unusual tubular structures that appeared to “bud” from 
lipid vesicles (Figure 1). At higher magnification, it was 
apparent that these tubular structures were comprised of 
well-ordered arrays of core RNAP (Figure 2, left). 
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Figure I. Low Magnification Electron Micrograph of Tubular Crystals 
of E. coli Core RNAP 
Tubular crystals (long, thin structures), formed with octadecylamine- 
diphytanoyl-PC, were adsorbed to a glow-discharged carbon film and 
stained with uranyl acetate. Crystals were initially observed on sur- 
faces of vesicles and micelles, from which the tubular crystals grew 
over a period of 24-36 hr. Some tubular crystals in this field are seen 
still attached to the vesicles or micelles from which they grew. 
EM and Image Processing 
To preserve the tubular crystals in negative stain, we al- 
lowed them to adsorb from solution onto EM grids coated 
with a hydrophilic carbon film. The tubes were then dried 
in the presence of 1% uranyl acetate. During this process 
the hollow tubes flattened onto the carbon surface (Figure 
2, left). Computed diffraction from the digitized images 
revealed the presence of two crystalline layers, one from 
each side of the flattened tube (Figure 2, right), as ob- 
served with other tubular crystals preserved in this way 
(Brisson and Unwin, 1984; Kubalek et al., 1987). The lat- 
tices arising from the top and bottom (and therefore 
flipped) sides of the tube were determined by platinum 
shadowing to allow EM observation of only the top layer 
(Kensler and Levine, 1982). When indexed as shown in 
Figure 2 (right), the average unit cell parameters were a 
= 105 A, b = 128 A, and y = 66O. The crystals were 
very well ordered in comparison with the 2D crystals of 
E. coli RNAP holoenzyme (Darst et al., 1988, 1989). In 
projection, after processing and averaging using standard 
methods (Amos et al., 1982; Brisson and Unwin, 1984; 
Henderson et al., 1986; Kubalek et al., 1987), diffraction 
data from the flattened tubes extended completely to 20 
A resolution, while some reflections extended to about 14 
A resolution. 
A total of 183 micrographs of crystals tilted O”-60’ to 
the incident electron beam were used in the 3D structure 
calculations. Two maps were calculated using data from 
each side of the flattened tubes separately, and no signifi- 
cant differences at this resolution were apparent. There- 
fore, in the final map, all the data from crystals on each 
side of the tubes were combined. The average phase error, 
based on refinement of each new measurement within 
0.0035 A-l in z* (the direction in reciprocal space perpen- 
dicular to the crystal plane) was 18.6O when considering 
Figure 2. Electron Micrograph and Computed Diffraction of a Flat- 
tened, Tubular Crystal of E. coli Core RNAP 
(Left) High magnification electron micrograph of a flattened tubular 
crystal of E. coli core RNAP, stained with uranyl acetate. 
(Right) Computed diffraction pattern from an area selected from panel 
to the left. The two sets of lattice vectors from the two sides of the 
tube are indicated (a* and b’ in bold, a*’ and b*’ in gray). The lattice 
corresponding to the a*’ and b” is indicated on the right half of the 
pattern with light gray lines. The (4,3)’ reflection (25.6 A resolution), 
which is the highest resolution reflection easily visible by the eye, is 
indicated. 
reflections with amplitudes of signal-to-noise ratio greater 
than 2. No single micrograph had an average phase error 
greater than 30”. Smooth curves were fit to the combined 
amplitude and phase data for each of the 48 independent 
lattice lines included in. the reconstitution. By sampling 
these curves (Figure 3) at intervals of 0.00333 8-j in z*, 
476 Fourier terms were collected and used to calculate 
the 3D map. Data in the crystal plane extended to a resolu- 
tion of about 15 A. For directions within about 45O to the 
plane of the crystal, the transform was well sampled to a 
resolution of about 23 A. However, between 4Y and 60°, 
the transform was not completely sampled owing to diffi- 
culties in obtaining tilts above 45O with reliable diffraction 
data. We believe this is because the flattened tubes were 
not always completely flat. Thus, the resolution of the final 
map perpendicular to the crystal plane is considerably de- 
graded compared with the parallel direction, 
30 Structure 
The resulting 3D map (Figure 4) shows one core RNAP 
molecule per unit cell, with no symmetry elements present. 
Since the structure was determined from the crystals pre- 
served in negative stain, only the surface topography and 
regions of stain penetration into the structure are revealed. 
The core RNAP molecules were closely associated in rows 
along the a axis of the crystal, and it was not possible 
to choose a reasonable contour level that resulted in the 
separation of neighboring molecules. Since in the original 
crystal the rows of molecules wrapped around the diame- 
ter of the tube in helical fashion, the flattening of the tubes 
would tend to compress the molecules together, possibly 
explaining our inability to separate the molecules in the 
map. Our interpretation of a single molecule among a row 
of three is highlighted in Figure 4. The choice of contour 
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Figure 3. Values of Amplitude and Phase De- 
termined Along Reciprocal Lattice Lines from 
Micrographs of Specimens Tilted at Angles of 
0°-60° with Respect to the Incident Electron 
Seam 
The X axis of all the plots is I, which denotes 
the reciprocal lattice in the direction of the c* 
axis, perpendicular to the plane of the crystal. 
The distance in reciprocal space along the c* 
axis (z’) is 0.00333 A-l times 1. The data have 
been combined assuming the space group Pl. 
Only data from reflections with amplitudes 
greater than twice background were plotted. 
Shown are the following reflections: (1 ,l), 95.7 
A resolution in the a’-b’ plane; (2,2), 47.8 A 
resolution: (2,3), 39 A resolution; (4,3), 25.6 A 
resolution. 
levels and our interpretation of the map is based on com- 
parisons with the previously determined E. coli RNAP ho- 
loenzyme and yeast RNAPII structures (Darst et al., 1989, 
1991 a). The outermost contour of the RNAP core structure 
corresponds to 1 .O standard deviation (o) above the mean 
Figure 4. Computer-Generated Density Map Containing Three Mole- 
cules of E. coli Core RNAP 
The contours represent negative stain-excluding density and are 
shown in increasingly lighter shades of gray, and decreasing transpar- 
ency, as follows: 1 .O o above the mean density in the map, 1.3 o, 1.6 
o, and 1.8 o. As it was not possible to choose a reasonable contour 
level that resulted in the separation of neighboring molecules, the 
molecules appear connected with each other. Our interpretation of 
the density arising from a single RNAP molecule is highlighted. The 
viewing direction is nearly parallel with the crystal plane. The closed 
channel (C), which is formed by densities labeled T (for thumb) and 
D, is viewed at an angle to its axis. This figure, as well as Figure 5, 
was generated using the program SYNU (Hessler et al., 1992). 
density. Assuming a protein density of 1.3 g/cm3, the vol- 
ume occupied by one molecule at this contour corre- 
sponds to about 95% of the expected molecular mass. 
The overall dimensions of a single core RNAP molecule 
in the crystal are about 85 A x 105 A x 140 A. 
To facilitate comparison, a different view of one E. coli 
core RNAP molecule is shown between the yeast RNAPII- 
A417 (Darst et al., 1991a) and the E. coli RNAP holoen- 
zyme (Darst et al., 1989) structures in Figure 5. The view 
of E. coli RNAP holoenzyme is not intended to be aligned 
with the view of E. coli core RNAP; the views shown were 
chosen only to provide the best views down the axis of the 
channel. As in the E. coli holoenzyme and yeast RNAPII 
structures (Darst et al., 1989, 1991a), a major feature of 
the E. coli core RNAP structure (Figures 4 and 5b) is a 
thumb-like extension (labeled T) that nearly completely 
surrounds an elongated channel about 25 A x 45 A in 
dimensions (labeled C). The most striking aspect of the 
E. coli core RNAP structure is its dramatic differences 
when compared with the E. coli RNAP holoenzyme (Figure 
5~). Qualitatively, the core RNAP structure is much more 
similar to the yeast RNAPII structure (Figure 5a). The 
thumb of E. coli RNAP holoenzyme (Figure 5c) forms an 
open groove or cleft (labeled C) on the surface of the en- 
zyme. In contrast, the thumb of yeast RNAPII (Figure 5a) 
and E. coli core RNAP (Figures 4 and 5b) bends downward 
to form the top part of a completely closed channel. The 
bottom part of the closed channel is formed by an addi- 
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et al., 1969). The contour shown is 1.4 o above 
the mean density. The orientation of the molecule is not meant to be aligned with the view of E. coli core RNAP in (b), but was chosen to afford 
a view directly down the axis of the open channel (C). The holoenzyme appears somewhat smaller in overall volume than core because the main 
body of the holoenzyme is viewed at an angle going into the plane of the page. 
tional density (labeled D in Figures 4 and 5) that protrudes 
from the main body of the molecule. 
Discussion 
In E. coli, the core RNAP (a$jS’) contains the functional 
capacity to catalyze phosphodiester bond formation dur- 
ing RNA chain elongation, but is unable to initiate tran- 
scription from double-stranded DNA templates efficiently 
and specifically, whether or not a promoter is present. 
Yeast RNAPII is functionally analogous to E. coli core 
RNAP, being able to perform RNA chain elongation but 
not specific initiation from double-stranded templates. In 
each case, additional protein factors are required for spe- 
cific promoter recognition and transcription initiation. In 
E.coli, osubunitsservethispurpose(Lonettoetal., 1992). 
In yeast and other eukaryotes, the basal transcription fac- 
tors TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH direct 
the RNAPII to promoters and support specific initiation of 
messenger RNA (Conaway and Conaway, 1993). The E. 
coli RNAP holoenzyme (a$jS’c) binds to promoters and 
specifically initiates RNAsynthesis. Once aminimal length 
of RNA has been synthesized (around 10 nt) and the RNAP 
has cleared the promoter, RNA chain elongation can, at 
least in vitro, be completed by the core enzyme. Both E. 
coli core RNAP and yeast RNAPII can initiate RNA synthe- 
sis from unusual templates containing nicks, mismatch 
bubbles (Daube and von Hippel, 1992; Aiyar et al., 1994) 
or single-stranded S’overhangs (Kadesch and Chamber- 
lin, 1982). The E. coli core RNAP structure determined 
here reveals that the functional homology between E. coli 
core and yeast RNAPII, and the functional differences with 
E. coli RNAP holoenzyme, extends to the structural level 
as well. 
The structure of E. coli core RNAP resembles the yeast 
RNAPII structure, but reveals major differences when 
compared with the E. coli RNAP holoenzyme structure 
(Figure 5). While each structure contains a thumb-like pro- 
jection surrounding a groove or channel about 25 A in 
diameter, the thumb of E. coli RNAP holoenzyme defines 
a deep but open groove on the surface of the enzyme, 
while in E. coli core RNAP and yeast RNAPII the thumb 
forms part of a ring that completely encloses the channel. 
The correlation between functional and structural homolo- 
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Figure 6. Model Relating Our Structural Results with DNase I and 
Hydroxy Radical Footprinting Results 
On the left is illustrated a schematic model of the conformational transi- 
tions occurring in the RNAP molecule. Shown are the closed channel 
of core RNAP in solution (top); binding of o to form holoenzyme with 
its open channel; location of a promoter and formation of RPcI; isomer- 
ization to RP,, to the closed channel state and formation of RP,; and 
formation of an elongating complex. We have not attempted to illus- 
trate the unwinding or melting of the DNA in RP. or in the elongating 
complex, and we have also not attempted to illustrate the disposition 
of the nascent RNA in the elongating complex. A detailed description 
of the model can be found in the text. On the right is a schematic 
illustration summarizing the hydroxy radical footprinting results of oth- 
ers (Metzger et al., 1969; Schickor et al., 1990; Mecsas et al., 1991). 
The DNA is represented as a cylindrical tube, with the disposition of 
completely protected regions of the DNA backbone denoted by gray 
patches (light gray denotes patches that are on the back side of the 
DNA). The -10 and -35 consensus regions, as well as the start site 
(+i) of the prokaryotic promoter, are indicated. 
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gies leads us to suggest that these structures represent 
promoter-binding and elongation conformations of RNAP, 
as both E. coli core and yeast RNAPII are capable of RNA 
chain elongation, but are incapable of specific promoter 
recognition without additional factors. The open groove of 
holoenzyme in the promoter-binding conformation would 
facilitate the recognition and loading of double-stranded 
promoter DNA within the groove. Closing of the thumb 
to surround completely the DNA upon transition to the 
elongation conformation would stabilize the elongating 
complex on the template, facilitating highly processive 
elongation of the nascent RNA chain without dissociation. 
To carry out processive nucleic acid synthesis, polymer- 
ases must perform two contradictory functions simultane- 
ously. First, the polymerase must be anchored to the tem- 
plate so as not to dissociate between catalytic events. 
Second, the polymerase must be able to translocate along 
the template. In replication, this problem has been solved 
through the assembly of ring-shaped structures that act 
as processivity factors for DNA polymerases by forming 
sliding DNA clamps (Kong et al., 1992; Krishna et al., 
1994). The family of polymerases related to the single sub- 
unit E. coli DNA polymerase I contains flexible, thumb-like 
structures that have been proposed to facilitate processi- 
vity by surrounding the template (Ollis et al., 1985; Arnold 
et al., 1992; Kohlstaedt et al., 1992; Beese et al., 1993; 
Jacobo-Molina et al., 1993; Sousa et al., 1993, 1994; 
Bonner et al., 1994). The multisubunit RNAPs also contain 
thumb-like structures that may have a similar function 
(Darst et al., 1989, 1991 a; Schultz et al., 1993). The func- 
tional/structural relationship between E. coli core RNAP 
and yeast RNAPII and the differences with E. coli holoen- 
zyme provide further support for this idea. 
This interpretation of our results relies on the assump- 
tion that the observed structural differences reflect struc- 
tural differences of the active molecules themselves and 
not artifacts such as structural changes due to interactions 
with the positively charged lipids or to crystal packing ef- 
fects. While we cannot completely rule out such effects at 
this point, we feel they are highly unlikely for the following 
reason. Much of our interpretation is based on the struc- 
tural similarity between E. coli core and yeast RNAPII. 
However, each of these molecules crystallizes on posi- 
tively charged lipids in a totally different, unrelated way. 
Each molecule in its crystal makes completely different 
interactions with the lipid layer and with other molecules 
in the crystal, yet the two structures are very similar. 
In light of these structural results, it is most interesting 
to consider the events leading to the formation of a ternary 
elongation complex between RNAP, template DNA, and 
the nascent RNA transcript. Chamberlin (1974) first pro- 
posed that E. coli RNAP holoenzyme initially contacts only 
the exterior of the DNA helix, forming a “closed complex.” 
Subsequently, the closed complex isomerizes to a tran- 
scriptionally competent “open complex,” in which the DNA 
double helix is melted. Kinetic and thermodynamic studies 
have since indicated the existence of at least two interme- 
diates prior to the formation of the final open complex 
(Kadesch et al., 1982; Rosenberg et al., 1982; Roe et al., 
1984,1985; But and McClure, 1985). These intermediates 
may be studied at low temperature in vitro (But and Mc- 
Clure, 1985; Roe et al., 1985; Spassky et al., 1985; Ko- 
vacic, 1987; Cowing et al., 1989; Schickor et al., 1990; 
Mecsas et al., 1991). Assuming that the temperature- 
dependent formation of the different complexes corre- 
sponds to a time-dependent mechanism at constant tem- 
perature, these kinetic, thermodynamic, and footprinting 
studies indicate the following scheme for the isomerization 
process: 
R + P = RPc, = RPc2 = RP,, 
where R is RNAP holoenzyme and P is promoter DNA in 
solution, RPcl is the initial closed complex in equilibrium 
with RNAP in solution, RPGP isan intermediate closed com- 
plex that accumulates at temperatures around 20°C, and 
RP, is the final transcription-competent open complex, 
which forms at temperatures above about 25%. A model 
describing how this scheme may relate to our structural 
results is illustrated schematically in Figure 6 and de- 
scribed in detail below. It should be noted that some points 
of our model are similar to models presented earlier, with- 
out the benefit of structural information, to explain DNase 
I and hydroxy radical footprinting results (Cowing et al., 
1989; Metzger et al., 1989; Schickor et al., 1990; Mecsas 
et al., 1991). 
First, the transcription cycle begins with core RNAP in 
solution, which we assume is predominantly in the elonga- 
tion conformation, with the channel closed. Some confor- 
mational flexibility may occur in which core RNAP is able 
to switch from the closed to the open channel state, but 
the closed channel is favored. 
Second, binding of o to form holoenzyme causes the 
open channel to be favored. 
Third, holoenzyme encounters and recognizes a pro- 
moter sequence on double-stranded DNA, either directly 
or through facilitated diffusion after nonspecific DNA bind- 
ing (Berg et al., 1982; Park et al., 1982; von Hippel et 
al., 1984), forming the initial closed complex RPcl. This 
complex can be accumulated at low temperature (around 
4%) and protects promoter DNA from DNase I and hy- 
droxy radicals with an approximately 10 bp periodic pat- 
tern from about -54 to -6 (+l is the start site of transcrip- 
tion) (Spassky et al., 1985; Kovacic, 1987; Cowing et al., 
1989; Schickor et al., 1990; Mecsasetal., 1991). Measure- 
ments by Amouyal and But indicate that the DNA in the 
closed complex (probably RPcI) at the lac L8UV5 promoter 
is already topologically unwound about 1.3 turns, possibly 
as a result of wrapping of the DNA around the RNAP with 
a left-handed, negative superhelical twist (Amouyal and 
But, 1987; Travers, 1990). This would place the protected 
patches of the DNA backbone (illustrated schematically 
in Figure 6) all on the same face of the DNA and able to 
interact with the polymerase. Bending or wrapping of the 
DNA around polymerase is also inferred from the fact that 
the span of the total footprint from about -54 to +22 in 
the final open complex (RP,), which is about 250 A of 
B-form DNA, is considerably greater than the greatest di- 
mension of the RNAP molecule (Darst et al., 1989). 
Fourth, several lines of evidence indicate that a large 
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conformational change occurs in the protein upon the for- 
mation of RPQ (But and McClure, 1985; Roe et al., 1985), 
resulting in the protection of both DNA strands from about 
-10 to +20. The footprint upstream of -10 remains essen- 
tially identical to the footprint of RPc,. We believe this con- 
formational change and additional protection of the DNA 
arise from the closure of the channel completely around 
the DNA. Subsequent unwinding or melting of the DNA 
from about -12 to +2 results upon the formation of RP, 
(Siebenlist et al., 1980; Kirkegaard et al., 1983; Mecsas 
et al., 1991). The footprint of RP, is identical, or similar, 
to the footprint of RPc2, and large conformational changes 
of the protein are not indicated. Thus, RPc2 and RP, are 
not distinguished at the schematic level shown in Figure 
6. While we believe RNAP in the RP, complex is similar 
to core, in that the channel is closed, o is still present and 
the upstream promoter contacts are maintained. Thus, 
this may represent a third, as yet undetermined conforma- 
tional state of RNAP that may be in some ways intermedi- 
ate between the holoenzyme and core conformations. The 
closure of the channel around the DNA in RP, would help 
explain the greater stability of RPc2 and RP, compared with 
RPcl. At 37“C, the association constant for the reaction 
R + P = RPc, 
at the h PR promoter is on the order of 10’ Mm’, while the 
association constant for the overall reaction to form RP, 
is on the order of 10” M-’ (Roe et al., 1985). 
Fifth, in the presence of ribonucleotides, elongating ter- 
nary complexes of RNAP, template DNA, and nascent 
RNA form after RNA chain initiation, promoter clearance, 
and IS release. Methods have been developed to isolate 
elongating complexes stalled at specific template posi- 
tions, and such complexes have been shown to be exceed- 
ingly stable (Levin et al., 1987). The stability of these com- 
plexes can also be inferred from the essentially infinite 
processivityof the transcription elongation reaction. While 
complexes stalled at different template positions have sig- 
nificantly different DNase I and hydroxy radical footprints, 
varying from a minimum of about 25 bp to more than 40 
bp (Krummel and Chamberlin, 1992a; Nudler et al., 1994) 
more detailed hydroxy radical footprinting indicates that 
the complete protection of both DNA strands is maintained 
in a region spanning about 20-30 bp (depending on the 
complex), with the 3’ end of the transcript positioned near 
the middle of the completely protected region (Metzger et 
al., 1989). Most of the contacts upstream of the completely 
protected region that are present in RP, are lost in the 
elongating complex. The footprinting data, combined with 
the exceptional stability of the elongating complexes, also 
indicate that the DNA is enclosed by the RNAP channel 
that is in the closed state. 
Some key features of this model are the following. First, 
core and holoenzyme in solution can switch back and forth 
between the closed and open channel states, but core is 
predominantly in the closed channel state. Binding of IS 
to form holoenzyme results in the open channel state being 
favored. 
Second, the initial upstream promoter contacts formed 
in RPcl are maintained throughout to the formation of RP, 
and so must arise from the interaction between this region 
of the promoter and sites on RNAP that do not change 
throughout the isomerization process. The complete pro- 
tection of both DNA strands that appears in RPc2 and RP, 
arises from the channel closing around the DNA and so, 
except for the region from about -10 to -7, which is pro- 
tected in both RPcl (one-sided protection) and RPc2 (both 
strands), the upstream contacts must be due to binding 
sites on RNAP other than those in the channel. It follows 
that most of the initial upstream promoter contacts in RPc, 
do not arise from DNA binding in the open channel and 
that, at most, only about 0.5 turns or less of the DNA is 
bound stably in the channel. If DNA were tightly bound 
through the total length of the open holoenzyme channel 
in RP~I, 1.5-2 turns of DNA would be protected on one 
side, and this protected region would be downstream of 
-10. At the very least, if the DNA is bound in the open 
channel, the binding is sufficiently weak or transient that 
it does not result in protection of the DNA backbone from 
DNase I or hydroxy radicals. 
Third, the remarkable stability of the elongating ternary 
complex, which allows for the high processivity of RNA 
chain elongation, arises predominantly from the closure 
of the channel completely around the DNA, preventing 
dissociation between catalytic and translocation events. 
Under normal conditions, both RP, and elongating com- 
plexes are greatly stabilized compared with RPcl, as ex- 
plained in our model by the enclosure of the DNA within 
the RNAP channel. However, elongating complexes are 
more stable than RP, in conditions such as high salt (Roe 
et al., 1985; Suh et al., 1992) and low temperature (Roe 
et al., 1985). This could be explained if the presence of 
the transcript RNA in the so-called tight binding site (the 
site responsible for holding the nascent transcript stably 
within the elongating complex during processive elonga- 
tion) on the RNAP (Surratt et al., 1991; Chamberlin, 1993) 
stabilizes, or locks, the closed state of the channel. In 
detailed studies of transcription initiation at the rrd3 Pl 
and h PL promoters, complexes with the characteristic sta- 
bility of elongating complexes were observed that were 
still located at the promoter and contained cr” (Borukhov 
et al., 1993; Severinov and Goldfarb, 1994). The origin of 
the stabilization of the complexes was found to be slippage 
of an initially synthesized trimer RNA into the tight binding 
site, leading to the proposal that translocation of the tran- 
script into this binding site, which normally only occurs 
after promoter clearance, results in locking of the RNAP 
on the DNA (Borukhov et al., 1993). We propose that the 
locking of the RNAP on the DNA may be the result of 
the stabilization of the closed channel conformation by the 
transcript in its tight binding site. 
Although transcription elongation appears to be essen- 
tially infinitely processive, when a termination signal is 
encountered the ternary complex rapidly dissociates. Ki- 
netic studies suggest that at p-independent terminators 
the most likely sequence of events once a termination 
signal is transcribed is, first, release of the transcript, leav- 
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ing a core RNAP-DNA complex, and second, dissociation 
of the RNAP from the DNA (Neff and Chamberlin, 1980; 
Arndt and Chamberlin, 1988). This is entirely consistent 
with our model, since release of the transcript would “un- 
lock” the closed state of the channel, allowing release of 
the polymerase from the DNA once the channel switched, 
through normal fluctuations, to the open state. Release 
from the DNA is more rapid than release of the RP, com- 
plex since there are no specific RNAP-DNA contacts as 
there are between holoenzyme and promoter DNA. 
The structural information on core RNAP presented 
here provides only a snapshot of a single conformational 
state. Our results and the model derived from them are, 
as yet, unable to account for the dynamic nature of the 
elongating complex, which is revealed by the remarkable 
differences in footprints and biochemical properties 
among elongating complexes isolated at different tem- 
plate positions (Krummel and Chamberlin, 1992a, 1992b; 
Nudler et al., 1994; Zaychikov et al,, 1995) and by the 
apparent flexibility of functional components of the RNAP 
with respect to each other (Mustaev et al., 1993; Severinov 
et al., 1995). These properties are encapsulated in the 
“inchworm” model of elongation (Chamberlin, 1993), 
which casts these results in terms of a conformationally 
flexible RNAP oscillating through various states during 
elongation. Although our results do not address these pro- 
posed conformational states directly, the large conforma- 
tional differences between core and holoenzyme revealed 
here illustrate the extent of conformational flexibility that 
is apparently intrinsic to the RNAP. It should be noted, 
however, that many of the results described above demon- 
strating the conformational flexibility of RNAP during elon- 
gation could also be explained by a relatively rigid RNAP 
conformation capable of looping regions of single-stranded 
DNA and RNA within it during elongation. Structures of 
elongating complexes isolated at different stages of the 
inchworm cycle will ultimately be required to place models 
of elongation on a firm structural footing. 
One of our initial hopes in crystallizing core RNAP was 
that comparison of the core structure with holoenzyme 
would reveal the location of the 070 subunit. It should be 
obvious that the large conformational differences between 
core and holoenzyme preclude us from aligning the struc- 
tures and identifying density arising from 07” with confi- 
dence. Structural studies of holoenzymes reconstituted 
with smaller alternative (J factors (Lonetto et al., 1992) 
seem now to be the most likely means of identifying the 
location of q within the holoenzyme structure. 
Finally, it should be noted that the helical Crystals re- 
ported here hold great promise for the determination of a 
more informative RNAP structure from specimens pre- 
served in the frozen-hydrated state and studied by the 
method of cryo-EM (DeRosier and Moore, 1970; Dubochet 
et al., 1’988). Such a structure would be free of possible 
artifacts due to negative staining and from the missing 
cone problem (Amos et al., 1982), would reveal internal 
density distribution rather than simply an envelope, and 
could potentially reveal more detail beyond the resolution 
limit of negative stain. 
Experimental Procedures 
RNAP Preparation 
E. coli core RNAP was prepared from 50 g of E. coli MREGOO cells 
as described by Hager et al. (1990) except that heparin-Sepharose 
CL-6B (Pharmacia) was used instead of DNA-cellulose. The major 
modifications to the procedure of Hager et al. (1990) are as follows. 
After elution from the Polymin-P pellet with TGED buffer (10 mM Tris- 
HCI [pH 81, 5% (v/v) glycerol, 0.1 mM EDTA, 1 mM DTT) plus 1 M 
NaCI, RNAP was precipitated by adding ammonium sulfate to 2 M. 
The pellet was resuspended and diluted with TGED buffer until the 
conductivity was equal to that of TGED plus 0.3 M NaCI. The sample 
(about 6 ml) was applied to a 50 ml column of heparin-Sepharose 
CL-68 and washed with TGED plus 0.3 M NaCl until no more protein 
eluted from the column, as monitored by UV absorbance at 280 nm. 
The RNAP eluted from the column with a TGED plus 0.6 M NaCl step 
appeared to be highly enriched with core enzyme compared with 0” 
holoenzyme, as judged by SDS-polyacrylamide gel electrophoresis. 
The separation of core from holoenzyme on heparin-Sepharose was 
also observed by Wellington and Spiegelman (1991). The RNAP was 
again precipitated by adding ammonium sulfate to 2 M, resuspended 
in 1 ml of TGED plus 0.5 M NaCI, and loaded onto a 16/60 Sephacryl 
S300 gel filtration column (Pharmacia), followed by chromatography 
on a Mono Cl 10110 column (Pharmacia) as described by Hager et al. 
(1990). Typically, about 5 mg of core RNAP was obtained, which was 
more than 99% pure as judged from overloaded gels stained with 
either Coomassie brilliant blue R-250 or silver. The final product was 
dialyzed overnight into storage buffer (10 mM Tris-acetate [pH 7.81, 
100 mM ammonium acetate, 5 mM DTT, 0.1 mM EDTA, 15% glycerol), 
aliquoted and flash frozen in liquid nitrogen, and stored at -8OOC. 
The crystallizability of the core RNAP preparations (l-2 mglml in the 
above storage buffer) was investigated (Ferre-D’Amare and Burley, 
1994) using dynamic light scattering with a DynaPro-801 Molecular 
Sizing instrument (Protein Solutions). In contrast with aggregates ob- 
served by Shaner et al. (1982) the measurements indicate that our 
preparation of core RNAP is a highly homogeneous solution of dimers, 
even at the low salt conditions used (100 mM ammonium acetate). 
Crystallization 
Helical crystals of core RNAP were formed on positively charged lipids 
by the lipid layer crystallization method (Kornberg and Darst, 1991). 
At 4OC, droplets (10 ~1) of core RNAP (150 pg/ml) in 50 mM Tris- 
acetate (pH 7.8), 100 mM ammonium acetate, 5 mM spermine-ace- 
tate, 5 mM DTT, 0.1 mM EDTA, and 2% (v/v) glycerol were pipetted 
into wells (4 mm diameter, 0.5 mm deep) bored into a Teflon block, 
coated with 0.5-l MI of a lipid mixture containing 0.05 mglml octadecy- 
lamine (Sigma) and 0.45 mg of diphytanoyl-PC (Avanti Polar Lipids) 
in HPLC grade chloroform:hexane (1:1, v/v), and incubated at 4OC 
under an argon atmosphere. After 24-36 hr, the droplets were pipetted 
onto freshly carbon-coated EM grids that had been glow discharged 
for 2 min. After blotting excess solution, the grids were washed with 
one drop of distilled water and then negatively stained with 1% (w/v) 
uranyl acetate. 
EM, Image Processing, and Structure Calculation 
Electron micrographs were recorded using minimal dose procedures 
at a magnification of 34,000 x with a CM12 transmission EM (Philips) 
operating at 100 kV on SO163 film (Eastman Kodak). The films were 
developed for 10 min in D-19 developer(Eastman Kodak). Micrographs 
were selected by optical diff ractometry and digitized on an autodensito- 
meter (Perkin-Elmer) with a 20 pm aperture and step size, correspond- 
ing to 5.9 Aon the image. The data were processed by computer using 
standard methods (Amos et al., 1982; Henderson et al., 1986). 
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